INTRODUCTION
============

Amputated digit tips represent a unique regenerative capability in mammals.^[@R1]--[@R3]^ Success of regeneration depends on the amputation level.^[@R4]^ Although wounds in mammals usually heal in a reparative manner with wound site contraction and scar formation, digit tips reveal a nearly perfect healing of nail bed, bone, and subcutaneous tissue. Furthermore, volume of subcutaneous tissue increases and dermal ridges including dactylogram renew. This phenomenon is significantly pronounced in children, but it is also present in older and even in chronically ill patients. In comparison to conservative treatment, surgical interventions on digit tips generally lead to an impaired sensibility and the formation of scar tissue in humans.^[@R5],[@R6]^ The use of occlusive dressings is beneficial because of a wet environment, which supports the regeneration process as an optimal milieu.^[@R7]^

Etiology of this unique healing quality in digit tips is still unknown. The mouse digit tip model was described to imitate human digit tip regeneration very well and is therefore frequently used for loss-of-function and gain-of-function studies.^[@R8]^ These studies imply that bone morphogenetic protein (BMP) and stromal cell-derived factor-1α signaling might be an essential part of the endogenous regeneration response.^[@R9],[@R10]^ Yu et al^[@R11],[@R12]^ showed that treatment with either BMP-2 or BMP-7 induced regeneration of proximal digit tip injuries, whereas Wu et al^[@R13]^ and Lynch et al^[@R14]^ mentioned a lack of migratory response in cells from the proximal compared with the distal part. Furthermore, nail stem cells from the proximal nail matrix have been shown to increase digit tip regeneration by Wnt pathway activation.^[@R15]^ Moreover, regeneration of bone and nail defects might be influenced by nerve-derived factors.^[@R16]^ On the contrary, regrowth of amputated toe tips in rats was not interrupted by denervation, but healing was delayed.^[@R17]^ In an in vitro human fetal model, transcription repressor Msx1 was identified to be of special interest in the regrowing fingertip,^[@R18],[@R19]^ but does not represent a marker for a pluripotent stem cell population.^[@R20]^ The stem cell marker stem cell antigen-1, however, was expressed in adult mice digit tip regeneration.^[@R21]^ Moreover, regeneration might be linked to an absence of p53-dependent p21 cyclin-dependent kinase inhibitor protein as described in MRL-mice and cdkn1a^tmi/Tyj^/J p21^−/−^ mice.^[@R22]^

Because the ability to regenerate tissues is known to differ strongly between fetal and adult mice and even between different mice strains,^[@R23]^ direct transfer of these findings from mice to human might be highly speculative. Therefore, regeneration processes after adult human digit tip amputations need to be further examined. Limb regeneration in amphibians and digit tip regeneration in mice have recently been shown to be based on local environment rather than on systemic factors.^[@R24],[@R25]^ Therefore, the first aim should be to address the local wound milieu in humans.

The current randomized trial was conducted to determine feasibility and clinical safety of collecting the gel-like wound exudate from fresh human digit tips after amputation.

METHODS
=======

This report complies with the reporting standards established by the revised Consolidated Standards of Reporting Trials consensus statement. The study was registered at DRKS.de (ID:DRKS00006882) with the UTN: U1111-1166-5723.

Participants
------------

A prospective randomized trial was conducted from October 2014 to March 2015, which was approved by the Institutional Ethics Committee at the University of Lübeck, under authorization number 13-041. During the period, 18 patients with fresh and sharp digit tip amputations were enrolled in the study. Eligibility criteria were male and female patients aged ≥18 years who could give their informed consent. Patients with an amputation of less than 6-mm length (wound to distal interphalangeal joint flexion crease) or inclusive lunula, dirty wounds, or immunosuppressive medication were excluded. Smokers and patients suffering from noninsulin-dependent diabetes mellitus were included in this study. The research was carried out in accordance with the Declaration of Helsinki. Once eligibility was confirmed, study patients were assigned randomly to study or control group.

Sample Size and Randomization
-----------------------------

Sample size was prospectively set at 9 patients per group to detect a shortening in mean length of 3- and a 2-mm standard deviation with a power of 80% and a type I error of 0.05 in a 2-sided test. Patients were randomized (1:1 ratio) to undergo digit tip amputation therapy in accordance with institutional standards specified below or the same treatment with collection of the whole wound exudate every dressing change. A computerized random number generation (without stratification) was used for randomization. The sequence was concealed to study group assignment. The primary endpoint and the secondary endpoints were determined by an independent, blinded observer.

Primary and Secondary Outcome
-----------------------------

The primary outcome variable was distal phalanx lengthening of amputated digit tips. The study participants who have provided informed consent to participate in this study were followed in outpatient clinic weekly to complete wound healing. Complete wound healing was defined as a full re-epithelialization of the digit tip. Distal phalanx lengthening was measured and compared with initial length and contralateral distal phalanx. Microbiologic analysis was performed using smears. After 3 months follow-up, dactylogram and scar size were evaluated by fingerprint and 2-point discrimination was compared with the opposite finger.

Treatment in the Study Group and the Control Group
--------------------------------------------------

Directly after trauma, the outpatients received an antiseptic wound bath (Serasept®, Serag-Wiessner, Naila, Germany) and a surgical debridement of the digit tip wound. Distal phalanx length and wound size were measured with a caliper; a microbiologic smear was performed as well as photo documentation. An occlusive dressing (Tegaderm™, 3M, St. Paul, MN) was applied to the wound, protected by a cotton bandage. On day 1, 5, and afterward weekly, a smear and an antiseptic wound bath were performed. Wounds were examined to ensure clinical and microbiologic safety and a new occlusive dressing was applied. Occlusive dressings were continued to the day of complete epithelialization. Then 2-point discrimination was tested with a Sensidisc® (Sensidisk, Hannover, Germany). Moreover, distal phalanx length measuring, scar size evaluation by fingerprint, and photo documentation of the digit tip were repeated.

Harvesting and Analyzing the Wound Exudate
------------------------------------------

In experimental group, the whole gel-like wound exudate was collected by abrasion with a sterile scalpel on day 1, day 5, and afterward weekly after trauma, whereas in control group, the exudate was left undisturbed. Biomaterial was collected in a small prechilled tube. After weighing, it was diluted in phosphate-buffered saline (1:10) and centrifuged at 2000 relative centrifugal force for 10 minutes at 4 °C. Supernatant was then transferred to nitrogen in 100 μL samples. Time from harvesting to freezing was kept under 30 minutes. For further experiments, samples were thawed on ice. Quantitative cytokine analysis was performed using a Q-Plex™ ELISA (Quansys Biosciences, Logan, UT) in accordance with the manufacturers' description. Briefly, samples were loaded to the array plate containing immobilized antibodies spotted and blocked by the manufacturer. Antigen standards were loaded for an 8-point standard curve. After incubation, immobilized cytokines were labeled with biotinylated antibodies and then incubated with streptavidin-conjugated horse radish peroxidase. Antibodies and peroxidase were part of the Q-Plex™ ELISA kit. Directly after addition of the substrates, chemiluminescence was detected with the Fusion SL (Vilber Lourmat, Fisher Biotec, Australia). Signals were evaluated via Q-View™ software (Quansys Biosciences, Logan, UT).

Statistical Analysis
--------------------

SigmaPlot™ Version 12.3 (Systat, San José, CA) was used for statistical analysis. Categorical variables between the groups were compared using a 2-sided Fisher exact test. Continuous data are given as mean ± standard deviation. Normal distribution was tested using the Shapiro-Wilk test. Then, data were compared using an unpaired *t* test or the Mann-Whitney *U* test. For continuous data in 1 patient, the paired *t* test or Wilcoxon rank sum test was used. A 2-sided *P*-value less than 0.05 was considered significant.

RESULTS
=======

Patients
--------

All patients completed the study without exclusion, loss to follow-up or incomplete data. Baseline characteristics, especially age (*P* = `0`.735), wound size (*P* = `0`.718), and loss of length (*P* = `0`.810), showed no significant differences between experimental and control group (Table [1](#T1){ref-type="table"}). We observed high compliance in both groups. Most patients had injured their left hand.
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Collection of Wound Exudate
---------------------------

Collection of the gel-like exudate was easy to obtain. The patients tolerated material harvesting without pain, but 1 experienced syncope. All patients described a sensation of pricking while abrasion was performed with the scalpel. To prevent contamination with fresh blood, cutting was avoided. Most biomaterial could be harvested on day 1 and day 5 posttrauma (5.6 ± 1.2 and 6.1 ± 2.9 samples) because of a weight of biomaterial of 51.7 mg ± 10.4 on day 1 and 92.6 mg ± 42.0 on day 5 after trauma. Because the wounds were dry in most patients, 2 or 3 weeks after trauma, wound exudate was not further suitable for collection.

Primary and Secondary Outcome Assessment
----------------------------------------

All amputated digit tips healed with a mean lengthening of 6.6 mm ± 1.2. Mean lengthening for patients who did and did not undergo collection of the wound exudate was 6.6 mm ± 1.0 and 6.7 mm ± 1.4, respectively (*P* = `0`.850) (Fig. [1](#F1){ref-type="fig"}). In subgroup analysis, diabetic patients and smokers did not show significant differences to nondiabetic patients (*P* = `0`.264) or nonsmokers (*P* = `0`.381). Every digit wound resulted in nearly perfect healing with an increase of subcutaneous fat and bone (Fig. [2](#F2){ref-type="fig"}). Dactylogram was regenerated in all patients without significant scar tissue formation. Scar area in experimental group was 1.1 qmm ± 1.2 versus 1.2 qmm ± 1.1 in control group (*P* = `0`.878). Wound closure was complete within 5 to 8 weeks (Fig. [3](#F3){ref-type="fig"}). In case of nail bed defects, damaged structures showed flawless healing (Fig. [4](#F4){ref-type="fig"}A and B). In experimental group, 8 microbiologic smears showed gram-positive (*Staphylococcus*, *Bacillus*) and 2 smears showed gram-negative microbes (*Pseudomonas* and *Acinetobacter*). The healing zones regularly produced an unpleasant smell and exudate showed a pus- or necrosis-like appearance (Fig. [4](#F4){ref-type="fig"}C and D). Inflammatory cytokines, however, did not reveal progredient infection (Fig. [5](#F5){ref-type="fig"}). Therefore, occlusive dressing was continued.

![Length of distal phalanges measured from distal tip to distal interphalangeal joint flexion crease. An increase of subcutaneous structures significantly fills the tissue defect to the day of complete healing (*P* \< `0`.001). In comparison to the contralateral distal phalanges, an insignificant shortening after healing is displayed.](medi-94-e1764-g002){#F1}

![Bone and fat defect directly after trauma (A). Increasing volume of subcutaneous fat 3 weeks after trauma (B) and regeneration of dactylogram 3 months after trauma (C) in a diabetic patient from the experimental group. Radiograph in this patient on trauma day (D) and 3 months later (E) showing good soft-tissue coverage of the bone.](medi-94-e1764-g003){#F2}

![Days to complete healing. Collection of the whole wound exudate did not significantly alter the period to complete healing.](medi-94-e1764-g004){#F3}

![Nail bed destruction 1 day after trauma (A) and healing situation 3 months later in a patient from the experimental group (B). Dark zone appears like necrosis 3 weeks after trauma (C), but heals well under occlusive dressing even after harvesting the wound exudate; here 2 months after injury (D).](medi-94-e1764-g005){#F4}

![Cytokines showed no significant dynamic from day 1 to day 5 posttrauma. Proinflammatory cytokines did not increase.](medi-94-e1764-g006){#F5}

In the follow-up, 2-point discrimination did not significantly differ between the wounded and the contralateral fingers in the experimental group (2.6 mm ± 0.4 versus 2.6 mm ± 0.4, *P* = `0`.760) and the control group (2.5 mm ± 0.5 versus 2.5 mm ± 0.3, *P* = `0`.641). One month after the injury, nearly all of the patients complained about hypersensitivity and some of them realized pain when the healed fingertip was touched. Two months later, pain was no longer reported.

DISCUSSION
==========

In this study, we demonstrated that harvesting wound exudate from fresh human digit tip amputations, and therefore removing parts of the local healing environment, did not impair the regenerative healing capability of the digit tip.

Lassere et al^[@R26]^ detected angiogenesis-promoting factors in digit tip amputations, but the harvesting technique was not elucidated. Different methods of collecting local wound exudate have been described for other regions of the body.^[@R27]^ An easy method is the collection by drainage^[@R28],[@R29]^ or just by means of puncture through film dressings or wound blisters with a syringe.^[@R30],[@R31]^ Several new methods such as wound blotting by attaching a membrane onto the wound surface allow noninvasive collection for further analysis.^[@R32]^ For use of these methods, wound exudate has to be fluid. In chronic wounds, the collection of debris with a vidal curette seems to be useful.^[@R33]^ Each of these techniques was suitable for the detection of cytokines or wound-healing mediators. In the case of digit tip injuries, the defect is covered with a gel-like exudate. Therefore, the optimal exudate collection is by abrasion. Owing to the direct contact of the exudate to the wound bed, the wound environment is closely reflected by the harvested biomaterial.^[@R34]^ The technique described is simple to perform, compatible with standard wound care of digit tip amputations and allows direct comparison with wounds in other regions of the body.

Cryopreservation protocol needs to be followed in a standardized manner to prevent preanalytical bias; freeze-thawing cycles should be avoided. In addition, long-term storage of wound exudate in −80 °C should be avoided because of potential degradation of cytokines and chemokines.^[@R35]^ Therefore, we recommend storing samples in nitrogen below −150 °C.

Inflammatory cytokines, such as interleukin (IL)-1α, tumor necrosis factor-α, IL-4, and IL-6 were detected in other acute wounds, too, using different harvesting techniques.^[@R36]^ An important point when analyzing wound exudate of acute wounds is addressing the dynamic behavior of cytokines. Detection should therefore be performed at different time points during the wound-healing process. We did not find a relevant increase in inflammatory cytokines, but an elevation in comparison to standard blood values was evident.^[@R37],[@R38]^ Nevertheless, we were concerned about the critical contamination by bacteria not representing the normal microbiome. This phenomenon has been described before.^[@R26]^ Usually, the application of occlusive dressings is not recommended in case of infection. Because we did not find a significant increase in the infection parameters, the treatment protocol was continued without modification. Each wound produced an unpleasant smell. Wound exudate in some cases looked like pus or necrosis. Continuing the use of occlusive dressings after an antiseptic wound bath led to a regenerative healing as mentioned before. Wound contraction was not measured, but might not have a relevant impact on the healing process in digit tips, because the tissue laxity is very low. As described by other authors, healed digit tips, however, are a bit smaller or thinner than the original. This fact is also known in limb regeneration in amphibians.^[@R24]^

High patient compliance was achieved because a conservative dressing regime was preferred to an operative procedure. Some patients even went to work with the finger dressing. Regarding the time period to complete healing was achieved, our findings are in accordance with those described in mice, emphasizing that the slow healing in fingertips differs greatly from other skin wounds, where rapid wound closure may be associated with the formation of scar tissue.^[@R11]^ Furthermore, 2-point discrimination was at a nearly perfect sensibility as described by other authors.^[@R39]^

The aggregate of proliferating cells involved in the regeneration process is sometimes termed "mammalian blastema".^[@R11]^ We found that wound exudate of human fingertip amputations appears in a gel-like fashion. There, however, are great differences between a real blastema structure and wound regions in mammalia.^[@R40]^

In conclusion, we have developed an easy method to harvest wound exudate from human digit tip amputations. Low variations between the samples indicate that the technique is suitable for quantitative detection of cytokines. Material harvesting did not have a negative impact on the regenerative healing capability. In accordance with the clinical outcome, this is a safe protocol. Hence, further studies need to be performed to analyze regeneration-associated factors and compare digit tip wound healing to other localizations in the human body. In addition, species-specific differences should be sought.
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